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University, Kyoto, Japan; and §Department of Frontier Bioscience, Hosei University, Koganei, Tokyo, JapanABSTRACT The bacterial flagellar motor is a molecular machine that converts an ion flux to the rotation of a helical flagellar
filament. Counterclockwise rotation of the filaments allows them to join in a bundle and propel the cell forward. Loss of motility
can be caused by environmental factors such as temperature, pH, and solvation. Hydrostatic pressure is also a physical
inhibitor of bacterial motility, but the detailed mechanism of this inhibition is still unknown. Here, we developed a high-pressure
microscope that enables us to acquire high-resolution microscopic images, regardless of applied pressures. We also
characterized the pressure dependence of the motility of swimming Escherichia coli cells and the rotation of single flagellar
motors. The fraction and speed of swimming cells decreased with increased pressure. At 80 MPa, all cells stopped swimming
and simply diffused in solution. After the release of pressure, most cells immediately recovered their initial motility. Direct
observation of the motility of single flagellar motors revealed that at 80 MPa, the motors generate torque that should be sufficient
to join rotating filaments in a bundle. The discrepancy in the behavior of free swimming cells and individual motors could be due
to the applied pressure inhibiting the formation of rotating filament bundles that can propel the cell body in an aqueous
environment.INTRODUCTIONHydrostatic pressure is one of the thermodynamic parame-
ters that comprise the environmental conditions to which
living cells must adapt. Most cellular processes are carried
out by biomolecules located in an aqueous environment.
In general, the application of a hydrostatic pressure of
~100 MPa (100 pN nm2) does not seriously affect the over-
all secondary and tertiary structures of protein molecules,
but it enhances the clustering of water molecules on the
hydrophilic and hydrophobic surfaces of proteins (1–3).
Bound water can weaken protein-protein and protein-ligand
interactions. Pressure-induced changes can induce signifi-
cant changes in the morphology and activity of living cells,
including microorganisms (4–6), sea urchin eggs (7), tissue
cells (8), and muscle fibers (9–11). Escherichia coli can be
used as a model microorganism to study how hydrostatic
pressure affects the activities of biological systems,
although it does not normally exist under conditions of
high hydrostatic pressure. In previous studies on the effects
of high pressure, the major focus has been on cell growth
and morphological deformation. For E. coli, the results
can be summarized as follows. At <25 MPa, E. coli cells
continue to grow and divide (12). At 30–50 MPa, cell divi-
sion is inhibited, leading to filamentous elongation of the
cell body (4,13,14). Cell growth is abolished at >60 MPa
(12–14), and cell death results at >150 MPa (15–17).
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0006-3495/12/04/1872/9 $2.00sure-sensitive cellular processes (18,19), but the detailed
mechanisms that contribute to its inhibition by hydrostatic
pressure remain unresolved.
An E. coli cell has 5–6 flagella, each of which consists of
a long (~10 mm), thin (~20 nm) helical filament (20). The
cell turns its filament like a screw in either the counterclock-
wise (CCW, viewed from filament to motor) or clockwise
(CW) direction. CCW rotation allows the left-handed
helical filaments to form a bundle that propels the cell
smoothly in a run. In contrast, CW rotation of a filament
forces it out of the bundle and leads to a change in swim-
ming direction called a tumble. The switching between
CCW and CW rotation enables bacteria to migrate to
more favorable environments (21–25). The bacterial
flagellar motor converts an ion flux into the rotation of the
flagellum (26–28). The motor consists of a rotor surrounded
by multiple stator units. A maximum of 11 stator units can
interact simultaneously with a single rotor, depending on the
number of total stator units pooled in the inner membrane
(29,30). Torque is generated by intermolecular interactions
between the rotor and stator units. The chemomechanical
energy conversion process is affected by physical and chem-
ical conditions, such as temperature, pH, and solvation (31–
36). The application of pressure is also expected to modulate
the torque generation processes to the extent that E. coli
cells stop swimming. To study in detail the effects of high
pressure, it is critical to monitor the motility of E. coli cells
under these conditions.
Here, we describe a high-pressure microscope that
enables us to acquire high-resolution microscopic images
under various pressure conditions. The system developed
allowed us to apply pressure of up to 150 MPa to any bio-
logical sample in solution, which is ~1.5-fold higher thandoi: 10.1016/j.bpj.2012.03.033
Bacterial Motility at High Pressure 1873the hydrostatic pressure in the deepest part of the Mariana
Trench. Using this system, we characterized the pressure
dependence of the motility of swimming E. coli cells and
single flagellar motors.MATERIALS AND METHODS
High-pressure chamber
Fig. 1 A shows a cross section of a high-pressure chamber (HPC; Sasahara
Giken, Kyoto, Japan). The main body (MB) and window support (WS) were
made of nickel alloy, Hastelloy C276. The outer dimensions of theMBwere
60  50  20 mm, and the internal volume was ~50 ml (Fig. 1 B). The WS
was screwed into the MB, and the inside of the HPC was sealed by an
O-ring (O) and backup ring (BR; Peek, Sasahara Giken). The ports on
the right and left sides were used to connect to a separator (37) via tubing
1/4- and 1/8-inch, respectively, in outer diameter. In addition, the HPC was
equipped with two flow paths at the outer edge of the MB. The inner
temperature inside the HPC could be controlled by running temperature-
regulated water from the thermostat bath through the flow path.FIGURE 1 High-pressure microscope. (A) Cross section of a high-pressure
window; RW, rear window; BR, backup ring; O, O-ring. (B) Photographs of the
23.5 mm) shown for size comparison. (Right) HPC mounted on an inverted micro
upon request. A white arrow indicates the pressure line connected to the hand p
These images were recorded at 30 frames s1 and displayed without processing c
at 0.1 (open circles) and 100 MPa (solid circles). The intensity profile of the sam
the corresponding original images.TheHPCwas equippedwith two optical windows, an observationwindow
(OW; f ¼ 6 mm, t ¼ 1.5 mm) and a rear window (RW; f ¼ 6 mm, t ¼
2.0 mm), both of BK7 (Sasahara Kogaku, Kyoto, Japan). The two windows
were attached to theMB andWS, respectively, by epoxy resin. The OWwas
made of BK7 because this material was found to be suitable for microscopic
observation and for preparing appropriate surface conditions for our experi-
ments. Microscopic observations in the HPC were carried out through the
OW. The aperture diameter and critical angle were 1.5 mm and 76, respec-
tively. The numerical apertures at the objective-lens and condenser-lens sides
were 0.6 and 0.55, respectively. The gap between the OW and RW was
~0.2 mm along the optical axis. We were able to construct a flow cell on
the OW with a small piece of a conventional coverslip (thickness,
~0.17 mm) and two strips of double-sided tape. This flow cell enabled us
to replace solutions quickly and conveniently. In addition, it decreased the
background light that could interfere with microscopic observations.
The HPC was connected to a separator (S) (Fig. 1 B). The separator
conferred the advantage of reducing the total dead volume of buffer solution
in the pressure line. The inside of the Teflon cap was filled with buffer solution
and connected to the HPC. The gap between the Teflon cap and the MB was
filled with distilled water and connected to a high-pressure pump (HP-150,
Syn Corporation, Kyoto, Japan). The water pressure was transduced to the
buffer solutionbydeformationof a thinTefloncap in the separator, asdescribedchamber (HPC). MB, main body; WS, window support; OW, observation
HPC. (Left) Disassembled components of the HPC with a coin (diameter
scope; full details of the microscope stage are available to interested parties
ump. (C) Various microscopic images of the same 1-mm beads at 100 MPa.
ontrast enhancement and brightness offset. (D) Intensity profile of the bead
e bead was plotted at each pixel in the x direction. The arrows in C indicate
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1874 Nishiyama and Sowapreviously (37). The hydrostatic pressure in the pressure line was measured
using a pressure gauge (PG-2TH, Kyowa, Kyoto, Japan). The high-pressure
pumpwas connected to the separator via a long, springlike 1/16-inch stainless
tube and separated from the microscope to prevent the mechanical vibrations
caused by operation of the pump from influencing the HPC. The inside of
the remaining space of the HPC and S was filled with motility medium.Microscope
The HPCwas combined with a commercially available inverted microscope
(Ti-E, Nikon, Tokyo, Japan) on a vibration-free table (AS-II 1809TM, Nip-
pon Boushin, Shizuoka, Japan). The microscope was equipped with
a custom-made microscope stage, which consisted of a two-coupled XY
stage (XY) and metal parts (Fig. 1 B); full details of the microscope stage
are available to interested parties upon request. The HPC was mounted on
a stainless steel mounting and the position could be manipulated with two
manipulators in the x and y directions. Microscopic observation was
done by a long-working-distance objective lens (OL; NA 0.6, working
distance ~3 mm; CFI ELWD ADM40C, Nikon), and the images were
acquired by a charge-coupled device camera (WAT-120N, Watec, Tsur-
uoka, Japan) or high-speed camera (LRH20000B, digimo, Tokyo, Japan).
A diode-pumped Nd:YVO4 laser (200 mW, 532 nm; EXLSR-G2-CW,
Spectra Physics, Mountain View, CA) could be used as the illumination
light source for acquiring fluorescence images. The laser beam was attenu-
ated with a neutral density filter, and focused at the back focal plane of the
objective lens. Dark-field images were acquired by modified dark-field
microscopy (38). Rays from a light source through the aperture diaphragm,
which were collimated by the condenser lens, illuminated objects in
the HPC and were all blocked by the center stop (circular reticle with
f ¼ 3 mm) located in a dichroic mirror cube. All microscopic images
were stored in a computer, and then analyzed offline, using commercial
tracking software (G-track; G-Angstrom, Sendai, Japan) and Image J
(http://imagej.nih.gov/ij/).Viscous drag, temperature, and pH
measurements
Briefly, the pressure-induced changes in motility medium were measured as
described (37). The pressure-induced change in viscous drag was measured
by microscopic analysis of 1-mm beads undergoing Brownian motion in
water solution. The temperature change was measured by inserting a ther-
mocouple device into a port of the HPC. The pH change was measured from
the absorption spectrum of the motility medium containing a pH indicator
(bromothymol blue or p-nitrophenol).Bacterial strains and culture
In this study, we used E. coli strains RP437 (39), RP4979 (40), YS1326, and
YS1217. YS8 strain (DcheY fliC::Tn10 DpilA) was derived from strain
RP4979. Strain YS1326 was transformed from YS8 with plasmid pYS11
(fliC-sticky, ampicillin resistance, pBR322 derivative) (41). Strain YS1217
was transformed for JHC36 (fliC-sticky DcheY DmotAmotB) (42), with
plasmid pDFB27 (motAmotB, arabinose inducible) (29). Cells were cultured
from frozen stocks to late logarithmic phase at 30C in Tryptone broth (1%
Bacto tryptone, 0.5% NaCl). The medium culture contained 50 mg ml1
ampicillin for strainYS1326, and 5–100mMarabinose and 50mgml1 ampi-
cillin for YS1217. All assays were performed within 2 h after the cells were
suspended in motility medium (10 mM Tris, pH 7, 0.1 mM EDTA).Assay
Swimming E. coli strain RP437 or RP4979 was diluted with motility
medium and introduced into the flow cell, which was constructed on theBiophysical Journal 102(8) 1872–1880inner surface of the OW of the HPC. The phase-contrast image of the cells
near the OWwas recorded at 30 frames s1. The hydrostatic pressure within
the HPC was usually increased to 80 MPa in increments of 20 MPa and
decreased by similar steps. The pressure was regulated with an accuracy
of51 MPa. The experimental temperature was kept at 235 1C. The total
elapsed time for pressure treatment of a population of cells was ~30 min.
After the release of the pressure, all cells were removed from the HPC
and the assay was repeated using fresh cells. All assays were repeated
with at least three different cultures.
Rotation of single flagellar motors on tethered cells was measured by
using strains YS1326 or YS1217, from which the flagella were sheared
as described previously (30). Cells were introduced into the flow cell
and incubated for ~5 min to attach the sticky flagellar filament onto the
OW. The free cells in the HPC were removed by washing with motility
medium. The phase-contrast images of the tethered cells were recorded at
30 frames s1, and the rotation of individual cells was tracked under various
pressure conditions.
High-speed rotation of singlemotorswasmeasured by using cells of strain
YS1326, from which the flagella were sheared as described (30). The cells
were introduced into the flow cell and incubated for ~10 min to attach the
cell bodies onto the polylysine-coated OW. The free cells in the HPC were
removed by washing with phosphate buffer (10 mM potassium phosphate
(pH 7.0) and 0.1 mM EDTA). A suspension of 250-nm gold colloid (BB
International, Harrogate, UK) was introduced into the flow cell and incu-
bated for ~5 min to allow the particles to attach spontaneously to the sheared
sticky filaments. The free gold colloids in the HPC were then removed by
washing with motility medium. The bright-field image of the gold colloids
was recorded at 2000 frames s1, and the rotation of individual motors
was tracked under various pressure conditions.RESULTS
Performance evaluation
We developed a high-pressure microscope to observe the
motility of E. coli cells under various pressure conditions
(Fig. 1). Hydrostatic pressure was applied using a hand
pump. The pressure could be increased by several dozen
MPa within a few seconds, without any overshoot. Pressure
could be released nearly instantaneously by opening a valve.
Our apparatus could apply pressure up to 150 MPa, a limit
imposed by the capabilities of the hand pump. The
maximum pressure is ~1.5-fold higher than in the deepest
part of the Mariana Trench (10,900 m in depth), the highest
found outside the crust of the earth.
Our high-pressure chamber (HPC) was designed to
acquire microscopic images with high resolution even under
high-pressure conditions. This goal was achieved by
increasing the numerical aperture of both the objective
and condenser lenses. The numerical aperture of the objec-
tive-lens side was increased from 0.55 (37) to 0.60, resulting
in an ~20% higher light intensity of the targeted object. On
the other hand, the numerical aperture of the condenser-lens
side was drastically increased from 0.05 (37) to 0.55. The
optical improvements thus attained allowed us to acquire
not only epifluorescence and bright-field (37), but also
phase-contrast and dark-field, images (Fig. 1 C). These
changes expanded the versatility of the microscope to the
extent that it could be used to make the observations re-
ported here.
Bacterial Motility at High Pressure 1875The performance of the entire apparatus was examined in
detail. One-micrometer fluorescent beads, which are similar
in size to E. coli cells, were fixed onto the surface of the OW
in the HPC under conditions of high ionic strength. We
monitored microscopic images of the beads at the center
of the OW. When pressure was applied to the HPC, the
microscopic image of the beads moved out of focus,
because the applied pressure deforms the HPC. After read-
justing the position of the objective lens, the microscopic
images became normally focused again. The displacement
of the OW from the objective lens linearly increased with
increments of pressure, and it reached 20.6 5 0.3 mm
(mean 5 SD, n ¼ 5) at 100 MPa. The x- and y-positions
of the beads shifted to a lesser extent, 5.6 5 2.8 and
0.45 0.2 mm (mean5 SD, n¼ 5), respectively. The differ-
ence in the shifts of the x and y axes might have originated
from the asymmetric design of the HPC. Fig. 1 C displays
images of the same beads at 100 MPa. The intensity profile
of a bead was independent of the applied pressure (Fig. 1D),
suggesting that applied pressure did not affect image
formation.
Next, we checked whether the position of the beads could
be tracked with high positional resolution, regardless of the
pressure applied. Phase-contrast images of the same beads
were acquired at 100 MPa. The intensity profile of each
bead was fitted by a 2D Gaussian function. The averages
of the fitting error were 5.7 and 4.9 nm (n ¼ 10) in the
x and y directions, respectively. The drifts of position in
the x and y directions were 7.9 5 4.6 and 8.6 5 4.4 nm
min1 (mean 5 SD, n ¼ 10), respectively. Similar results
were obtained at 0.1 MPa (data not shown), suggesting
that the stability of the microscope was not affected by the
applied pressures. Thus, our results demonstrate that our
high-pressure microscope can measure the x- and y-posi-
tions of the research target at the nanometer level.
Finally, we confirmed that applied pressure significantly
changed the physical characteristics of the buffer solutions
(see Materials and Methods). Our results showed that the
application of 100 MPa of pressure increased the viscous
drag by þ5%, temperature by þ0.1C, and pH by þ0.1.
These results confirmed that this experimental system is
useful for studying the effects of high pressure on microbial
behavior.FIGURE 2 Motility of smooth-swimming cells. (A) Trajectories of
RP4979 cells. The positions of the cell were plotted every 10th frame for
5 s. (Inset) Trajectory of a cell at 80 MPa for 5 s on an expanded scale. Scale
bar, 2 mm. (B) 2MSDs plotted at every frame for 5 s (40 and 60 MPa) or
every 10 frames (70 and 80 MPa) (n¼ 46–59, total¼ 202). Data were fitted
by (vt)2 and/or 4Dx–yt, where v is the translational speed, Dx–y is the
diffusion constant, and t is time (40 MPa, v ¼ 11 mm s1; 60 MPa, v ¼
5.2 mm s1; 70 MPa, v ¼ 1.0 mm s1 and Dx–y ¼ 0.35 mm2 s1; 80 MPa,
Dx–y ¼ 0.25 mm2 s1). (C and D) Swimming fraction and speed during
the pressurization (solid circles) and depressurization processes (open
diamonds). Swimming fractions were based on the number of cells that
swam with a speed of >2 mm s1 at each pressure. The speed was the
average value of the swimming cells in C. Error bars represent the SD.Motility of a smooth-swimming strain
E. coli RP437 cells (wild-type for motility and chemotaxis)
were diluted in motility medium and then introduced into
the HPC. At ambient conditions (23C and 0.1 MPa), the
cells kept swimming without any significant change for at
least 2 h, indicating that our experimental system could be
used for studying the pressure dependence of bacterial
motility without any concerns about oxygen deficiency,
dissolution of metal from the HPC or other artificial factors(43). We confirmed that application of ~80 MPa of pressure
inhibited the motility of swimming RP437 cells (44).
To focus on the pressure dependence of the motor func-
tion in swimming E. coli cells, strain RP4979 (DcheY),
rather than strain RP437, was used for the following exper-
iments. RP4979 cells lack the switch-inducing CheY
protein; therefore, their flagellar motors rotate exclusively
in the CCW direction, and cells swim smoothly without
tumbling. The pressure of the HPC was increased to
80 MPa, and then decreased to 0.1 MPa. Fig. 2 A displays
typical time courses for RP4979 cells under various
pressure conditions. Under ambient conditions (0.1 MPa
and 23C), RP4979 cells swam smoothly with a speed of
20 5 6 mm s1 (mean 5 SD, n ¼ 63). At 40 MPa, most
cells still swam smoothly, but the average speed decreased
to ~50% of its initial value at 0.1 MPa. At 60 MPa, manyBiophysical Journal 102(8) 1872–1880
FIGURE 3 Rapid recovery of motility in RP4979 cells. (A and B) Swim-
ming fraction and speed after the release of pressure (mean 5 SD, n ¼
22–52). Before the application of pressure, all of the cells swam smoothly
(open circles). Pressure of 80 MPa was applied to the cells for 5 min (open
square in gray area) and then instantaneously decreased to 0.1 MPa at t¼ 0.
The plots (solid circles) could be fitted by an exponential curve with
t ¼ 4.9 s (A) and 5.6 s (B) Error bars represent the SD.
1876 Nishiyama and Sowacells still swam, though swimming speed had drastically
decreased, and the others just jiggled without showing any
translational motion. At 80 MPa, most cells stopped direc-
tional swimming and diffused freely in the translational
and rotational directions. A limited number of cells seemed
to show a rolling motion of their cell bodies (45).
The translational motion in a focal plane was character-
ized by calculating the 2D mean-square displacement
against time (2MSDs(t)), which is a convenient quantitative
analysis for stochastic movement (37). Fig. 2 B shows the
average 2MSDs(t) values of RP4979 cells at each pressure.
At 40 and 60 MPa, the plots increased as the square of time,
meaning that the cells underwent directional movement. At
70 MPa, the plots were fitted well by a sum of time and
square of time, indicating that the cells had very weak
motility. At 80 MPa, the plots increased linearly with
time, showing that the cells underwent only random Brow-
nian motion. Thus, the motility of swimming cells was
completely inhibited at 80 MPa but only partially inhibited
at lower pressures.
Fig. 2, C and D, summarizes the swimming fraction and
speed of the cells during the pressurization and depressur-
ization processes. We selected cells that swam with a speed
of>2 mm s1 and calculated both their fraction of all cells in
the focal plane and their average speed. Both the fraction
and speed decreased with increases in pressure and reached
zero at 80 MPa. Both the swimming fraction and speed
showed significant hysteresis between the pressurization
and depressurization processes, although the cells eventu-
ally recovered their initial motility sometime after the pres-
sure was released.
We also examined the time course of the response of
motility to pressure in swimming RP4979 cells. Before
application of pressure, all cells swam smoothly with a speed
of 195 5 mm s1 (mean5 SD, n¼ 26). When the pressure
was increased within 5 s from 0.1 to 80 MPa, all cells imme-
diately stopped swimming and showed only Brownian
motion (data not shown). The pressure was applied at
80 MPa for 5 min and then immediately decreased to
0.1 MPa. Fig. 3 displays the time course of the swimming
fraction and speed of RP4979 cells. Both parameters rapidly
increased with time and returned almost to the initial value.
The time courses of the two plots could be fitted to single-
exponential curves. The rise times (corresponding to 63%
of their asymptotic values) of the swimming fraction and
speed were 4.9 and 5.6 s, respectively. This rapid recovery
of the motility of the swimming cells indicated that the
cellular components responsible for motility, such as the
flagellar filaments and motors, were not seriously damaged,
even at 80 MPa. Thus, the application of pressure acts
directly and reversibly on the motility.
The pressure required to stop cells swimming completely
in this study was higher than that reported previously
(40–50 MPa; the motility of E. coli cells was measured in
soft agar (18) or Luria Bertani medium (19)). This differ-Biophysical Journal 102(8) 1872–1880ence could be caused by changes in the experimental condi-
tions, such as the strain, cultivation conditions, or viscosity.Torque generation of single flagellar motors
We performed a tethered-cell assay using strain YS1326,
which lacks switch-inducing protein CheY and expresses
FliC-sticky filaments (46). A single flagellar filament
protruding from each cell was attached to the surface of
the flow cell in the HPC, and the rotation of the cells was
tracked under various pressure conditions. Under ambient
conditions (0.1 MPa and 23C), cells rotated smoothly at
an average speed of 5.8 5 3.0 s1 (mean 5 SD, n ¼
130). Fig. 4, A and B, shows sequential phase-contrast
images of the same single cell at 0.1 and 80 MPa, respec-
tively. The time courses of the rotation speeds of a single
cell at 0.1, 40, and 80 MPa are displayed in Fig. 4 C. The
cell still rotated smoothly in the CCW direction, even at
80 MPa.
A systematic analysis was performed to characterize the
pressure dependence of the rotational speed of tethered
cells. All cells that rotated smoothly before application of
FIGURE 4 Torque generation of single flagellar motors in strain YS1326 (A–E) and YS1217 (F and G). (A and B) Sequential phase-contrast images of the
same rotating tethered cell were taken at every frame. The pressure was 0.1 MPa (A) or 80 MPa (B). Arrowheads indicate completion of a turn. Scale bars,
2 mm. (C) Time courses of revolutions of the same cell in A and B (CCW positive). (D) Histograms of the rotational speed (n¼ 130). The speeds of the motors
rotating in the CCW direction were taken as positive. Data for the motors that were in the stop state were colored gray in the histograms. (E) Pressure and
speed relation in the pressurization (circles) and depressurization processes (diamonds). (F and G) Rotational speed at different expression levels of stator
units. The expression levels of stator units in YS1217 cells were controlled by adding 5 (circles; n ¼ 45), 10 (triangles; n ¼ 48), 50 (diamonds; n ¼ 50) and
100 (squares; n ¼ 61) mM arabinose. (G) Normalized speed. Data for cells whose motors were stopped were excluded from calculations of speed (E–G).
Bacterial Motility at High Pressure 1877pressure were analyzed at each pressure. Fig. 4 D shows
histograms of the rotational speeds of tethered cells when
the pressure was increased and then decreased in a stepwise
manner. The rotational speed decreased with increased pres-
sure (Fig. 4 E), but even at 80 MPa, ~80% of motors still
rotated at 3.4 5 2.6 Hz (mean 5 SD, n ¼ 102), which is
~60% of the initial speed at ambient pressure. Thus, the
rotation of each motor was robust under conditions of
high pressure. After release of the pressure, some cells
(~10%) did not recover to rotate, quite possibly because
they had become stuck to the observation window.
To monitor the high-speed rotation of the motors under
conditions of lower drag (viscous load), we measured the
rotation of 250-nm diameter gold colloid beads attached
to single flagellar filaments of YS1326 cells. The rotational
speed of the motor under these conditions was expected to
be similar to that of the flagella of smooth swimming cells.
The rotation of the beads was tracked under various pres-
sures, as in the tethered-cell assay (Fig. 5 A). The time
courses of the rotation of a bead at 0.1, 40, and 80 MPa
are displayed in Fig. 5 B. The applied pressure drastically
decreased the rotational speed, but not the rotational orbit,
of the bead. Fig. 5 C summarizes the pressure dependence
of the rotational speeds of a population of beads. At
80 MPa, all motors still rotated with an average speed of
58 5 29 Hz, a decrease to 27% of the initial speed of219 5 18 Hz at ambient pressure (mean 5 SD, n ¼ 10).
Thus, the speed of rotation of the beads was much more
sensitive to pressure than the much slower rotation of teth-
ered cells (Fig. 4 E). In addition, the pressure-speed rela-
tions (Figs. 4 E and 5 C) did not show any significant
hysteresis between the pressurization and depressurization
processes, indicating that motor function was perfectly
reversible under these conditions.Intermolecular interaction between rotor
and stator units
We next characterized the relationship between the motor
function and number of stator units in a cell. The motor in
tethered cells is thought to run at close to thermodynamic
equilibrium, and the speed of rotation is directly propor-
tional to the proton motive force (PMF) and the number
of torque generators (29,32,47,48). The average number of
stators interacting with a rotor depends on the expression
levels of the stator units.
The turnover of stator units between the membrane pool
and the motors occurs with a fairly rapid rate constant (on
the order of 0.04 s1) (49). If applied pressure works to
dissociate stator units from their rotors, the average number
of stators interacting with a rotor should decrease more
rapidly with pressure at lower levels of expression of theBiophysical Journal 102(8) 1872–1880
FIGURE 5 High-speed rotation at low viscous drag. (A) Time courses of
y-displacement (left) and xy plots (right) of the same rotating gold colloid
bead at 0.1 (open circles) and 80 (solid circles) MPa. (B) Time courses
of revolutions of the same motor represented in A (CCW positive). (C)
Rotational speed of individual flagella during the pressurization (solid
circles) and depressurization processes (open diamonds). Each speed was
obtained from the number of rotations over 2 s (n ¼ 10). Error bars repre-
sent the SD.
1878 Nishiyama and Sowastator units. To test this possibility, a tethered-cell assay was
performed using YS1217 cells with different levels of
expression of MotA and MotB. Under ambient conditions,
cells with low expression levels (5 and 10 mM arabinose)
of stator units rotated slowly in comparison with those
with higher levels of expression (50 and 100 mM arabinose).
The average speed of rotation decreased with increased
pressure at each expression level (Fig. 4 F). Fig. 4 G
displays the pressure dependence of the normalized speed,
which was adjusted to the speed before application of pres-
sure. The plots show complete overlap at each pressure,
indicating that the pressure-induced changes in motor rota-
tion were independent of the number of stator units per
motor. The fraction of rotating cells also decreased with
increases in pressure and reached 70–80% at 80 MPa,
regardless of the number of stator units (data not shown).
Thus, the pressure-induced decrease in rotational speed
was not induced by dissociation of stator units under high-
pressure conditions.Biophysical Journal 102(8) 1872–1880DISCUSSION
Here, we describe a high-pressure microscope that enables
us to acquire high-resolution microscopic images under
various pressure conditions. The developed system allowed
us to characterize the pressure-induced changes in the
motility of swimming E. coli cells and single flagellar
motors. We found that single flagellar motors were rela-
tively insensitive to applied pressures compared to other
cellular process, such as swimming motility and cell divi-
sion. This robustness is thought to be due to generation of
torque by limited numbers of protein units in the motor
via relatively simple mechanisms.
We compared the effects of pressure on the rotation speed
of single motors under two different conditions of viscous
drag to the motors. Our results showed that at 80 MPa, the
rotational speed in tethered cells decreased by ~40% of
the initial speed without dissociation of stator units from
their rotors (Fig. 4, F and G), indicating that the rotational
speed seems to be decreased by reduction of PMF and/or
energy coupling between proton influx and motor rotation.
The effects of applied pressure on the motor function
were much larger under conditions of low viscous drag
(Fig. 5 C). Then, even assuming 40% reduction in PMF
by increasing hydrostatic pressure to 80 MPa, this is not
sufficient to explain the significant reduction in rotational
speed under conditions of lower drag. In previous studies,
several conditions under which motor rotation is severely
impaired under conditions of low viscous drag have been re-
ported, but the responses at high viscous drag have not. The
effects of low temperature (31,34–36), solvation isotope
effects (35), mutation of specific residues in the stator
(50–52), and increases in intracellular ion concentration
(53) have all been studied. Under these conditions, the
rate of proton translocation is thought to be severely limiting
at high rotation speeds. Application of pressure could cause
similar effects on proton translocation and/or subsequent
processes. At high pressure, the proton channels in the stator
units could be tightly bound by water molecules (1,2). The
shielding effect of hydration may prevent protons from
transferring rapidly into the cell.
Why do E. coli cells stop swimming at 80 MPa (Figs. 2
and 3), although their flagellar motors still function? We
showed that a single motor, under conditions of lower
viscous drag, rotated at ~60 Hz (Fig. 5). In swimming cells,
this rotation speed should generate enough torque to propel
the cell body (54). We hypothesize that the application of
pressure may prevent filaments (five to six, on average,
per E. coli cell) from rotating together in a bundle. The
long filaments are exposed to water, and in general, hydro-
static pressure enhances the clustering of water molecules
around hydrophilic and hydrophobic residues on protein
surfaces. In fact, the helical structure of flagellar filaments
is known to be sensitive to environmental factors such
as temperature, pH, ionic strength, and torsional load
Bacterial Motility at High Pressure 1879(55–57). In previous studies, several factors involved in con-
structing a bundle of rotating filaments have been reported,
including the flexibility of the hook and the helical form and
surface conditions of the filament (45,46,56). Thus, interfer-
ence with the ability of flagellar filaments to form coherent
bundles provides a plausible explanation for the pressure-
induced inhibition of the motility of swimming E. coli cells.
This hypothesis could be examined by direct observation
of individual flagellar filaments under high-pressure condi-
tions (58), but our current setup is not sensitive enough to
acquire clear images for determining the helical structures
of individual filaments. For this purpose, we need to use
a high-sensitivity camera and resolve several technical prob-
lems, including enlargement of the numerical aperture of the
objective lens and reduction of the background noise caused
by the long optical path in water. These problems could be
resolved by changing the design of the HPC and using
confocal microscopy (4,11).
In summary, we present what to our knowledge is a new
assay that modulates the performance of a molecular
machine in situ using high-pressure techniques. Application
of pressure is a powerful method for modulating intermolec-
ular interactions between protein and water molecules. This
technique could be extended to study the mechanisms by
which isolated molecular machines are affected by the
application of high pressure.
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